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FOREWORD 

Current atmospheric s tud ie s  of i n t e r e s t  t o  the meteorological  

and aerospace communities have ind ica ted  the need f o r  more d e t a i l e d  

information than i s  cu r ren t ly  ava i l ab le  with regard t o  water vapor 

concent ra t ion  and aerosol  s i z e s  and concent ra t ions  i n  the lower 20 km 

of the atmosphere. A program to  measure these q u a n t i t i e s  over a 

s i g n i f i c a n t l y  wide range of s p a t i a l  and temporal va r i ab le s  would n o t  

be economically f e a s i b l e  without accura te  , inexpensive sensors  t h a t  

could be flown and monitored by te lemetry on small rawinsonde type 

bal loons.  The ob jec t ives  of the program descr ibed i n  t h i s  r epor t  

were K O  lj Survey existing (and previously developed) instrumentat ion 

which i s  capable of de t ec t ing  p a r t i c u l a t e  mat te r  and humidity i n  the 

f i r s t  20 km of the  atmosphere, 2) Assess the p o t e n t i a l  of each tech- 

nique f o r  y ie ld ing  a l igh tweight ,  remote sensor t h a t  could be developed 

with s u f f i c i e n t  accuracy and r e l i a b i l i t y  and produced economically,  

3) From the cur ren t  research and development a c t i v i t y  p ro jec t  sensor 

a v a i l a b i l i t y  i n  the near  f u t u r e ,  4 )  I n  d iscuss ions  with the sponsor 

determine i f  any p a r t i c u l a r  sensor concept should be s tudied i n  more 

d e t a i l  f o r  cont rac tor  developnent,  and 5) I f  i t  i s  so determined, 

proceed with study, developnent and ana lys i s .  

During the course of t h i s  study a number of persons i n  our 

l abora to ry  contr ibuted t o  the success  of var ious  por t ions  of the 

program: 

Aharon Goldman and John Van Allen a s s i s t e d  i n  t h e o r e t i c a l  c a l c u l a t i o n s  

and da ta  reduct ion;  John Kosters  and Troy Dow were respons ib le  f o r  

many of the  d e t a i l s  of the  balloon f l i g h t  program. 

John Williams pa r t i c ipa t ed  i n  d iscuss ions  of I R  c a p a b i l i t i e s ;  

ii 
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BALLOON-BORNE HIMIDITY AND AEROSOL SENSORS 

. 

Recent widespread i n t e r e s t  i n  atmospheric phenomena r e l a t e d  t o  

meteorology, po l lu t ion  and a v i a t i o n  has  emphasized the need f o r  more 

complete and accura te  da t a  on temperature, humidity, dens i ty ,  winds, 

turbulence,  canpos i t ion  and o ther  parameters of the atmosphere. Two 

l i m i t e d  a spec t s  of t h i s  broad f i e l d  were d e a l t  with i n  the study being 

reported:  instrumentat ion t o  de t ec t  and measure humidity and ae roso l s .  

Emphasis was placed on expendable, l ight-weight  rawinsonde- type in s t ru -  

ments f o r  probing the lower 20 km of the atmosphere. 

The study began with a s t a t e - o f - t h e - a r t  survey which was pr imar i ly  

a l i t e r a t u r e  search, although d iscuss ions  were held with a l i m i t e d  number 

of o the r  i n v e s t i g a t o r s  a c t i v e  i n  these f i e l d s .  The l i t e r a t u r e  survey 

was i n i t i a t e d  with a Retrospect ive Search performed by the  Technology 

Applicat ion Center a t  the Universi ty  of N e w  Mexico. Obvious gaps i n  

coverage of t h e i r  r epor t  were then f i l l e d  i n  with a s tandard l i b r a r y  

search using a b s t r a c t  sources and by working back i n  time from l i t e r a -  

t u r e  re ferences  i n  c u r r e n t  a r t i c l e s .  The study was c a r r i e d  back t o  

about 1925 on the assumption t h a t  a technique which was i nves t iga t ed  

bu t  no t  found f e a s i b l e  e a r l i e r  might be f e a s i b l e  with c u r r e n t  technology. 

From the a b s t r a c t s  and ava i l ab le  reviews, a r t i c l e s  and r e p o r t s  t h a t  

appeared t o  be p e r t i n e n t  were se lec ted  and copies  obtained f o r  a more 

d e t a i l e d  a n a l y s i s .  

Several  of the techniques being inves t iga t ed ,  sme of them 

ex tens ive ly ,  show pramise,and use fu l  remote sensors  of ae roso l s  and 

humidity may be developed from the  cu r ren t  research.  Other techniques 

which appear f e a s i b l e  have received l i t t l e  a t t e n t i o n .  One of these ,  

the  de t ec t ion  of water vapor by i n f r a r e d  emission, has  s i g n i f i c a n t  

m e r i t  and was chosen f o r  fu r the r  t h e o r e t i c a l  and experimental  i nves t i -  

ga t ion ,  s ince  it i s  compatible with a v a i l a b l e  labora tory  f a c i l i t i e s  

and the i n v e s t i g a t o r s  ' experience. 
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1. HUMIDITY SENSING 

The volume of l i t e r a t u r e  i n  the a rea  of humidity de t ec t ion  i s  

s taggering.  Bibl iographies  with thousands of e n t r i e s  could e a s i l y  

be compiled. Although many a r t i c l e s  dea l  with i n d u s t r i a l  processes 

and a i r  condi t ioning,  much of the l i t e r a t u r e  a p p l i e s  d i r e c t l y  t o  

atmospheric measurements because of the ex tens ive  research  and devel- 

opment i n  radiosonde sensors .  Fortunately,  much of the a v a i l a b l e  

knowledge has been brought together  and d i s t i l l e d  i n  the four-volume 

repor t ,  Humidity and Moisture ,  of the F i r s t  I n t e r n a t i o n a l  Symposium 

on Humidity and Moisture held i n  Washington, D. C. i n  1963. Our 

l i t e r a t u r e  search concentrated mainly on the subsequent period a1- 

though i n  some a reas  e a r l i e r  re ferences  a r e  s i g n i f i c a n t .  

Another valuable source of information was the conference on 

"Water Measurement Techniques f o r  Mars" held a t  the J e t  Propulsion 

Laboratory on 21May 1969 which one of the au thors  (DGM) a t tended .  

Ihe major ob jec t ive  of the Viking s o f t  landing planned f o r  1974 w i l l  

be t o  measure the water vapor on Mars. The conference was c a l l e d  t o  

consider  a l l  possible  techniques f o r  making these measurements; hence, 

many of the people who a r e  c u r r e n t l y  working on water vapor measuring 

instruments  were present .  The informative d iscuss ions  centered around 

the c a p a b i l i t i e s  of each technique t o  make the  des i r ed  measurements. 

A po in t  of i n t e r e s t  was the  lack  of any new techniques f o r  measuring 

water vapor. 

A. STATE OF THE ART 

Of the many schemes and techniques t h a t  have been proposed f o r  

humidity sensing,  four  bas ic  processes  wi th  s p e c i f i c  forms of imple- 

mentation appear t o  have the  required s e n s i t i v i t y  and o the r  charac- 

t e r i s t i c s  fo r  the balloon a p p l i c a t i o n  under cons idera t ion .  

1. Sorpt ion 

Aluminum Oxide - Ihe e l e c t r i c a l  p r o p e r t i e s  of  a l a y e r  of A 1  0 2 3  
depend very s t rongly  on the  amount of water vapor adsorbed on the 
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layer,which i n  turn  depends on the  vapor pressure  of the  water i n  the  

a i r  surrounding the surface.  B e  u s e  of t h i s  property t o  measure a t -  

mospheric humidity has  been inves t iga ted  by a number of groups i n  the  

United S t a t e s ,  England and Japan. It i s  c u r r e n t l y  being manufactured 

as  a u n i t  by Panametrics. 

of measuring f r o s t  po in t s  w e l l  below -100 C. 

ments made has been the subjec t  of cons iderable  controversy.  

ga to r s  who have attempted to  use the  u n i t  have found the  resul ts  ob- 

ta ined  depended on many f a c t o r s ,  a number of which could no t  be con- 

t r o l l e d  during f i e l d  use. B e  manufacturer on the  o the r  hand claims 

t h a t  the  incons i s t enc ie s  i n  the r e s u l t s  obtained by the users has  been 

due t o  f a u l t y  experimental  techniques. I f  the problems a s soc ia t ed  with 

us ing  the  u n i t s  can be solved,  t h i s  method would be s u i t a b l e  f o r  use  

as  a balloon-borne hygrometer system. 

* 
The manufacturer c la ims the u n i t  i s  capable 

The accuracy of measure- 

Inves t i -  

P i e z o e l e c t r i c  Sorption Detector - The resonant  frequency of a 

quar tz  c r y s t a l  i s  b a s i c a l l y  a funct ion of c r y s t a l  parameters and 

Fhysical dimensions. 

p a r t i c u l a r l y  s e n s i t i v e  to  any ma te r i a l  added t o  the  sur face .  f i i s  

property has  been used a s  a means of developing an u l t r a s e n s i t i v e  

mass de t ec to r .  By coa t ing  the c r y s t a l  sur face  with a m a t e r i a l  t h a t  

absorbs a p a r t i c u l a r  molecule,  the  system can be used a s  a s e l e c t i v e  

de t ec to r .  Ihis property has  been used t o  make a hygrometer by coat- 

i ng  a quar tz  c r y s t a l  with a s t rongly  hygroscopic ma te r i a l .  Ihe 

instrument  can be made f a i r l y  s e n s i t i v e ;  however , sens i t iv i ty  i s  

achieved with a l o s s  i n  speed of response and i t  i s  doubt fu l  whether 

t he  u n i t  could be made t o  work i n  the  s t r a tosphe re  without  i nc reas ing  

the  f r o s t  po in t  of the sampled a i r  by pumping. This p o s s i b i l i t y  

should n o t  be ru led  ou t  s ince  the  accuracy of most techniques could 

be improved by inc reas ing  the  absolu te  humidity of the  sample. 

However, c e r t a i n  c r y s t a l l i n e  o r i e n t a t i o n s  a r e  

Cobalt Oxide - On the  bas is  of pa ten t  c la ims (1967, ass igned 

to ZBM), t he  Go0 u n i t  should be considered f o r  f u r t h e r  d e v e l o p e n t .  

The Co0  c r y s t a l l i n e  sur face  appears t o  adsorb water vapor causing 

* 
Panametrics,  Inc . ,  Waltham, Mass, See Chleck, Appendix A,  p. 28 
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the  e l e c t r i c a l  r e s i s t a n c e  t o  vary exponent ia l ly  ( 4  o r  5 o rde r s  of 

magnitude from 0% t o  100% RH). Further  claims include low temper- 

a t u r e  c o e f f i c i e n t  , n e g l i g i b l e  h y s t e r e s i s  and immunity t o  a i r  pollu- 

t a n t s .  ,We have, however, been unable t o  obtain any more information 

about the device e i t h e r  i n  the l i t e r a t u r e  o r  from i n q u i r i e s  t o  IBM. 

Fros t  Po in t  

This technique was f i r s t  developed by Dobson and Brewer i n  

the e a r l y  1940's. 

mi r ro r  surface t h a t  i s  maintained a t  the f r o s t  point .  I n  the 

Dobson- Brewer instrument t h i s  was done manually and the measure- 

ments were l imited t o  the  a l t i t u d e s  which could be reached by 

a i r c r a f t .  Ba r re t t  and coworkers i n  the e a r l y  1950's  designed a 

small u n i t  where the mirror  was maintained a t  the f r o s t  point  by 

means of a servomechanism. This u n i t  was small enough t o  be c a r r i e d  

a l o f t  by small balloons and seve ra l  a s c e n t s  were made. This type 

of f r o s t  point measuring device has continued t o  r ece ive  consider- 

a b l e  a t t e n t i o n  s ince t h a t  time. Various techniques have been used 

f o r  sensing f r o s t  on the measuring su r face  and providing the s i g n a l  

required f o r  con t ro l  of i t s  temperature; however, the u n i t s  t h a t  

a r e  c u r r e n t l y  i n  production i n  the United S t a t e s  and i n  Japan s t i l l  

employ the o p t i c a l  head which r e l i e s  on s c a t t e r i n g  by the f r o s t  

l a y e r  f o r  sensing i t s  presence. These u n i t s  a s  used by var ious 

i n v e s t i g a t o r s  appear t o  work a t  l eas t  occas iona l ly .  Some a s c e n t s  

give anomalous r e s u l t s  and i t  i s  sub jec t  t o  l o c a l  contamination as  

are  a l l  point  measuring instruments.  The Japanese ve r s ion  of t h i s  

u n i t  i s  r e l a t i v e l y  inexpensive and s u i t a b l e  f o r  use on a small 

balloon. It i s  b u i l t  t o  be flown a s  a s tandard rawinsonde u n i t .  

The accuracy and r e l i a b i l i t y  of the c u r r e n t  u n i t  are n o t  known. 

The e a r l y  u n i t s  q u i t e  o f t e n  gave v e r y h i g h  humidity readings i n  

the lower s t ra tosphere and appear ques t ionab le  i n  l i g h t  of the 

r e s u l t s  obtained by o the r  i n v e s t i g a t o r s .  The c u r r e n t  ve r s ion  may 

f u l f i l l  the requirements of t h i s  program. 

It  c o n s i s t s  of measuring the temperature of a 

The f r o s t  po in t  instrument 
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has  the a d d i t i o n a l  advantage t h a t  i t  i s  a n  absolu te  instrument  

and i f  i t  i s  opera t ing  properly,  should g ive  a measurement of the 

atmospheric humidity d i r e c t l y  without  going through a c a l i b r a t i o n  

procedure. 

3. Radiant Absorption and Emission 

U l t r a v i o l e t  Absorption - Water vapor has s t rong  absorp t ion  

f e a t u r e s  a t  wavelengths shor t  of 30002. 

c o n s t i t u e n t s  as  wel l  as  the  minor c o n s t i t u e n t s  a l s o  have s t rong  

absorp t ion  f e a t u r e s  i n  the same wavelength regions.  

l imi t ed  the use of t h i s  wavelength region f o r  water vapor measure- 

ment. I n  add i t ion  the s t rong  atmospheric absorp t ions  by var ious 

molecules a t  the  high a l t i t u d e s  preclude the u s e  of the sun a s  a 

r a d i a t i o n  source and hence l i m i t  t h i s  technique t o  s h o r t  atmos- 

phe r i c  paths  achieved with i n t e r n a l  sources  which i n  turn  has 

l imi t ed  the s e n s i t i v i t y  . 

The major atmospheric 

This has  

In f r a red  Techniques - Water vapor has  a number of very 

s t rong  absorpt ion bands i n  the i n f r a r e d  region of t he  spectrum, 

whereas the  major atmospheric c o n s t i t u e n t s  (0 N2) do no t .  These 

water vapor bands have been used by a number of i n v e s t i g a t o r s  t o  

determine the  amount of humidity present  a t  the  higher  a l t i t u d e s .  

The techniques t h a t  have been used separa te  l o g i c a l l y ,  from the  

s tandpoint  of i n t e r p r e t a t i o n  and experimental  procedure, i n t o  

2’  

=hsnrp+-ic?n m d  P,m,issic?l system.  In the first, the absorption 

by water vapor as the r ad ia t ion  t r a v e r s e s  a path from a source t o  

a s p e c t r a l l y  s e n s i t i v e  de t ec to r  ( f i l t e r  radiometer,  spectrometer ,  

e t c . )  i s  measured. I n  most ca ses  reported i n  the  l i t e r a t u r e ,  the  

sun has  been used as the  r a d i a t i o n  source f o r  t h i s  type of measure- 

ment i n  the  s t ra tosphere .  Attempts have been made to  f l y  a source 

along wi th  the d e t e c t o r  and t o  d e t e c t  the absorp t ion  over a s h o r t  

path c lose  t o  the balloon; however, t h i s  technique has n o t  had 

s u f f i c i e n t  s e n s i t i v i t y  f o r  use i n  the s t r a tosphe re .  

t h e  sun a s  the  source se r ious ly  l i m i t s  t he  absorp t ion  technique. 

The use of 
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Water vapor a l s o  emits s t rongly  i n  those wavelength regions 

where i t  absorbs s t rongly .  The emission,however,depends no t  only 

on the amount of absorpt ion but  a l s o  on the temperature. I n  order  

t o  use t h i s  technique, i t  i s  necessary t o  measure the temperature 

p r o f i l e  a s  well a s  the emission p r o f i l e .  While t h i s  technique has  

a number of shortcomings, i t  has  been demonstrated t o  have the sen- 

s i t i v i t y  required t o  make the measurement and i t  i s  poss ib le  t o  

bu i ld  the un i t  i n t o  a sonde type of device.  

4 .  Mass Flow 

I n  t h e  phosphorous pentoxide sensor,  the h ighly  hygroscopic 

P 0 i s  deposited between the e l ec t rodes  of an e l e c t r o l y t i c  c e l l .  

Water vapor i n  the gas flowing through the c e l l  i s  absorbed by the 

P 0 The r e s u l t i n g  charge 

flow i n  the  c i r c u i t  i s  a d i r e c t  measure of the mass of H 0 en te r ing  2 
the c e l l .  Although b a s i c a l l y  simple i n  concept and adequately sensi-  

t i v e  f o r  low humidi t ies ,  the technique has  a number of l i m i t a t i o n s :  

gas flow cont ro l  i s  required t o  prevent  s a t u r a t i o n  a t  high humidi t ies ;  

d e t a i l e d  mechanisms of c e l l  opera t ion  a r e  no t  known; ion ic  conduction 

causes e lec t rode  p l a t i n g  and shor t ing ;  time cons t an t s  a r e  long a t  

lower tempera t u r e s ;  and recombinations of the gaseous d i s soc ia t ions  

products  cause some u n c e r t a i n t i e s .  However , f o r  sho r t  term sonde 

app l i ca t ions ,  some of  these problems a re  l e s s  s i g n i f i c a n t ,  and the  

developnent of a simple pumped o r  d i f f u s i o n  flow c o n t r o l  could y i e l d  

a s e n s i t i v e ,  absolu te  instrument.  

2 5  

and d isassoc ia ted  by an appl ied  vol tage.  2 5  

B. JNFRARED EMISSION STUDIES 

Most of the p o t e n t i a l l y  use fu l  humidity sensors  a r e  being 

explored o r  developed by seve ra l  l abo ra to ry  groups o r  i n d u s t r i a l  

concerns. However, the a rea  of I R  emission h a s  received less  support .  

I t  appeared t h a t  i n  terms of labora tory  experience and f a c i l i t i e s  we 

were equipped t o  make a unique con t r ibu t ion  t o  the  development of t h i s  

technique: a f i l t e r  radiometer was a v a i l a b l e  f o r  use with minor modi- 

f i c a t i o n s ;  c a l i b r a t i o n  f a c i l i t i e s  were a v a i l a b l e ;  and seve ra l  l a r g e  

' I  
* i  
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balloon f l i g h t s  were scheduled f o r  another  p r o j e c t  on which. the 

radiometer could be piggy-backed thus e l i m i n a t i n g  a major expense. 

I n  conference with the sponsor i t  was decided t h a t  a more d e t a i l e d  

a n a l y s i s  of the I R  emission p r o f i l e  p lus  seve ra l  f l i g h t s  t o  assess 

the f e a s i b i l i t y  of the technique f o r  small packages could make a 

s i g n i f i c a n t  con t r ibu t ion  t o  the f i e l d  of humidity sensing. 

1. -Theoretical Considerations 

Consider the atmosphere above the  balloon t o  c o n s i s t  of a 

number of l a y e r s  where each l a y e r  i s  considered t o  be isothermal 

and the water vapor i s  uniformly mixed i n  the l aye r .  The r a d i a t i o n  

emitted by the ith layer  w i l l  be given by 

where ei i s  the emis s iv i ty  of the l a y e r  a t  wavelength A and B(XT.) 

i s  the radiance of a black body a t  wavelength A and temperature T.. 

The r a d i a t i o n  emitted by the ith l a y e r  must t r ave r se  the l a y e r s  

1 

1 

be tween the 

the bal loon 

where T i s  

i* l a y e r .  
i 

balloon and the ith l a y e r  hence r a d i a t i o n  observed a t  

from the ith layer  is  given by 

the abnospheric transmission between the balloon and the  

The observed radiance w i l l  be given by 

n n 

as the balloon ascends the  radiance w i l l  change and a t  the time the  

balloon has  t raversed the f i r s t  l a y e r  t he  radiance w i l l  be given by 

n n 

hence the  change i n  radiance is  

since T~ = 1 . 
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I n  p rac t i ce  the experimental da t a  are  obtained with an 

instrument t h a t  passes a band of wavelengths; hence, t he  quan t i ty  

observed i s  given by 

l2 
AN = SA AN(X)dX = sl(h)B(ATl)dh 

1 

where A, and A 2  a r e  the l i m i t s  of the wavelength passed by the 

f i l t e r .  Several  f a c t o r s  had t o  be considered i n  choosing the 

wavelength i n t e r v a l  t o  be used i n  the balloon radiometers.  These 

included the c h a r a c t e r i s t i c s  of black body r a d i a t i o n  a t  the temp- 

e r a  t u r e  encountered i n  the upper troposphere and lower s t r a t o s p h e r e ,  

the absorption spectrum of water vapor, the a v a i l a b i l i t y  and c o s t  of 

f i l t e r s ,  d e t e c t o r s ,  e t c . ,  f o r  the var ious wavelength regions where 

water vapor absorbs s t rong ly .  %e system chosen represented a com- 

promise which i t  was f e l t  would y i e l d  data  concerning the f e a s i -  

b i l i t y  of the techniques without being too expensive. 

2 .  Experimental Program 

I n  the modified f i l t e r  radiometer (Figure 1) the incoming 

atmospheric r ad ia t ion  was focused by a 10 cm mi r ro r  onto a Reeder 

thermocouple d e t e c t o r  with a K B r  window. 

chopped by a segmented mi r ro r  chopper which on a l t e r n a t e  h a l f  cyc le s  

imaged a temperature-monitored reference black body onto the d e t e c t o r .  

'Ihe thermocouple ou tpu t ,  which thus represented the d i f f e r e n t i a l  

emission between the black body and the atmosphere, was ampl i f i ed ,  

synchronously r e c t i f i e d ,  and f i l t e r e d  t o  provide a vol tage s i g n a l  

a t  a convenient monitoring l e v e l .  

i n s e r t e d  i n t o  the o p t i c a l  path of one of two a v a i l a b l e  s tock f i l t e r s  

(Figure 2) .  'Ihe f i l t e r  centered c l o s e  t o  1 5 ~  was chosen a s  a system 

performance check s ince  i t  passed r a d i a t i o n  cen te red  i n  the  s t rong  

absorpt ion due t o  the C02 and could give d a t a  on t h e  atmospheric 

temperature c lose to  the balloon-borne package. The o t h e r  f i l t e r  

was chosen t o  l i e  i n  the  wavelength region con ta in ing  many s t r o n g  

The focused beam was 

A timing c i r c u i t  a l t e r n a t e l y  

i 
' I  
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i 

absorp t ions  due t o  the r o t a t i o n a l  water vapor band. Ihis choice 

of f i l t e r  was n o t  optimal as w i l l  be discussed i n  more d e t a i l  

below. 

A mounting f o r  the radiometer was added t o  an e x i s t i n g  

research  instrument gondola which a l s o  suppl ied the  necessary  

power and the  signal processing required f o r  te lemetry and on- 

board recording of t he  reference black body temperature and 

radiometer output .  Balloon f l i g h t s  were made from Holloman A i r  

Force Base, New Mexico, with t y p i c a l  a scen t  r a t e s  of 3 m / s  up t o  

f l o a t  a l t i t u d e  of 30 km. 
above ho r i zon ta l .  

The radiometer had a look angle  of 5' 

After  s eve ra l  t e s t  f l i g h t s  i n  which problems of v a r i a b l e  

ampl i f i e r  gain and mir ror  o r i e n t a t i o n  were discovered and cor- 

r ec t ed ,  u se fu l  daca was obtained during f l i g h t s  on 13 June and 

11 J u l y  1970. Figures  3 and 4 show the  C02 temperature da t a  

compared with a i r  temperature da ta  from radiosondes flown a t  

approximately the  same time and loca t ion .  F igures  5 and 6 show 

the t o t a l  radiance f r m  the  water vapor. 

I n  Sect ion I . B . l .  i t  was shown t h a t  t he  change i n  radiance 

with a l t i t u d e  was given by x 
AN = e(X)p(XT)dX 

ll 

where e(X) i s  the emis s iv i ty  of the water vapor i n  the  l a y e r  

t raversed  by the bal loon,  B(hT) i s  the  Planck black body func t ion  

and X 
Ihe func t ion  s(X) i s  a rap id ly  varying complex func t ion  of t he  

wavelength and a completely accura te  invers ion  of the  i n t e g r a l  t o  

ob ta in  the  amount of water vapor present  i n  the  l a y e r  would r equ i r e  

and X 1 2 a r e  the  l i m i t i n g  wavelengths passed by the  f i l t e r .  

an  e l abora t e  computation on a d i g i t a l  cauputer .  

region above 9 lan, where the amount of water vapor i s  small ,  

I n  the  a l t i t u d e  
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the absorpt ions due t o  water vapor a r e  weak enough t o  f a l l  i n  the 

so- c a l l e d  " l i n e a r  region" and the emis s iv i ty  can be f a i r l y  c l o s e l y  

approximated by 

where u i s  the amount of water vapor present i n  the l a y e r  and f(X) 

i s  a function which can be determined from the t h e o r e t i c a l  and 

l abora to ry  s t u d i e s  of the absorpt ion of r a d i a t i o n  by water vapor. 

Using t h i s  expression and the Rayleigh- Jeans approximation f o r  

the radiance of a black body,one ob ta ins  

where k i s  Boltzman's constant .  Under the cond i t ions  f o r  which 

these assumptions a r e  v a l i d , t h e  q u a n t i t y  i n  brackets  can be 

evaluated by numerical methods and the determination of the water 

vapor mixing r a t i o  from the observed AN and temperature becomes 

s t ra ightforward (Figures  7 and 8 ) .  

c .  FUTURE WORK 

The r e su l t s  of the experimental phase of t h i s  program have 

demonstrated conclusively t h a t  i t  i s  poss ib l e  t o  measure the small 

amount of water vapor present  i n  the upper troposphere and lower 

s t r a tosphe re  by measuring the i n f r a r e d  emissions i n  the 20 t o  3 5 p  

region. 

o t h e r  techniques i n  t h a t  t he re  i s  no ques t ion  of the t i m e  constant  

involved i n  the measurement. 

with a r e l a t i v e l y  l a rge  and heavy package which c e r t a i n l y  would 

no t  be s u i t a b l e  f o r  sonde operat ion.  The nex t  s t e p  i n  a program 

aimed a t  developing a hygrometer f o r  use i n  conjunct ion with a 

small balloon would be t o  design and c o n s t r u c t  small prototype 

instruments t h a t  would be l i g h t  enough t o  be c a r r i e d  on a small 

balloon and inexpensive enough so t h a t  they could be used a s  

'Ihis technique has  the advantage over  a number of the 

These f e a s i b i l i t y  s t u d i e s  were made 
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throwaway packages. A s e r i e s  of tes t  f l i g h t s  would be required 

t o  make sure  they performed according t o  design. On the  b a s i s  

of the c o s t s  of  the var ious components used i n  t h i s  study, i t  i s  

evident  t h a t  such a system could be b u i l t  such t h a t  the c o s t  

i n  q u a n t i t i e s  a s  small a s  10 could be kep t  t o  l e s s  than $600.00 

per u n i t .  These u n i t s  would be designed t o  operate  i n  conjunc- 

t i o n  with a standard rawinsonde t r a n s m i t t e r .  The only major 

ope ra t iona l  d i f f i c u l t y  appears t o  be the problem of making sure  

t h a t  the u n i t  i s  nominally point ing a t  the des i r ed  look angle.  

Thus the l a rge  o s c i l l a t i o n s  which are normally a s soc ia t ed  with 

rawinsonde balloon package would have t o  be g r e a t l y  reduced. 

Aside f r w  t h i s  problem the design and operat ion of such u n i t s  

would be rou t ine .  

Toward the end of t h i s  program the problem was posed a s  

t o  whether o r  no t  i t  would be poss ib l e  t o  determine the d i s t r i b u -  

t i o n  of water vapor in  the  atmosphere from ground based measure- 

ments. An instrument of t h i s  s o r t  was constructed by Fos t e r ,  

Volz and Fosket t  i n  the e a r l y  1960's. This instrument u t i l i z e d  

the observed absorpt ion i n  the i n f r a r e d  s o l a r  spectrum i n  the 
r e l a t i v e l y  weak p band of R20 a t  0.96pm. 

by comparison with rawinsonde ascents ,  and although the re  was 

considerable  s c a t t e r  i n  the c a l i b r a t i o n  da ta ,  i t  appeared t o  

give reasonable results.  Ibis technique has  the disadvantage 

t h a t  data  can only be taken when the sun i s  up and n o t  obscured 

by clouds. Another possible  technique wouid be t o  use the emit ted 

atmospheric r a d i a t i o n  t o  determine the amount of water vapor 

present .  A s  i n  Section I . B . l . ,  the atmosphere above the observing 

po in t  would be assumed t o  be i n  n l aye r s .  

a t  wavelength X would be given by 

The system was c a l i b r a t e d  

The radiance a s  observed 

n 

where a s  before (A)  i s  the emis s iv i ty  of the ith l a y e r  which i 
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w i l l  be a funct ion of the amount of water vapor i n  the ith laye r ,  

@(ATi) i s  black body radiance a t  wavelength h f o r  temperature T 

and z i ( l )  i s  the atmospheric transmission between the  ith laye r  

and the observing point  which depends on the  wavelength and the 

amount of water vapor present  between the ith laye r  and the ground. 

Assuming t h a t  the atmospheric temperature versus  a l t i t u d e  p r o f i l e  

i s  known,this expression can be wr i t t en  a s  

i 

where f l ( A )  : - - fn(X) depend on the water vapor d i s t r i b u t i o n .  

The funct ions fl(A) - - * f ( A )  a r e  r ap id ly  varying func t ions  of 1. 
By us ing  a spec t r a l  radiometer one could measure the atmospheric 

radiance a t  any number of wavelengths. 

of observat ions 

n 

Thus one would have a s e t  

N ( h . 1  = B(XiTi) f i (h j )  . j = 1 - * * k where k h  . 
J 1 

I f  the wavelengths of observat ion a r e  properly chosen, i t  i s ,  i n  
p r inc ip l e ,  possible  t o  determine uniquely the d i s t r i b u t i o n  of water 

vapor i n  the n l aye r s  which g ives  r i s e  t o  the observed N ( X . ) .  

This problem i s  one of considerable  meteorological  i n t e r e s t  par t icu-  

l a r l y  i n  s a t e l l i t e  invers ion  techniques.  As a r e s u l t  the  problem 

has received considerable  a t t e n t i o n  over the l a s t  few years  and 

the computational procedures have been w e l l  developed. 

t i o n a l l y ,  the problem t r e a t e d  here  of determining the water vapor 

amount from observed downward radiance i s  considerably more 

d i f f i c u l t  than the problem t r e a t e d  f o r  the sa te l l i t e  s i t u a t i o n  

where the data a r e  obtained from above the atmosphere. This i s  

due t o  the f a c t  t h a t  the temperature and water vapor amounts a r e  

decreasing with a l t i t u d e .  A s  a r e s u l t  the major po r t ion  of the 

observed radiance comes f rm the lower l a y e r s  and the  contr ibu-  

t i o n  from the co ld ,dry  upper l a y e r s  i s  q u i t e  small .  Thus the  

radiance must be accu ra t e ly  measured o r  the con t r ibu t ion  from 

3 

Observa- 
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the upper layers  w i l l  be lost. While the uncertainty i n  the measure- 

ment w i l l  l i m i t  the a l t i t u d e  t o  which the water vapor content can be 

determined, i n  most cases  i t  appears that water vapor amount can be 

inferred up to  the 4.5 to 6 km l e v e l .  
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11. AEROSOL SENSING 

Many instruments have been developed t o  study va r ious  a s p e c t s  

of ae roso l  d i s t r i b u t i o n s  and p r o p e r t i e s :  i n t eg ra t ed  mass concentra- 

t i o n ,  p a r t i c l e  s i z e  spectrum , o p t i c a l  p r o p e r t i e s  , chemical composition , 
physical  p rope r t i e s ,  v o l a t i l i t y  and water d r o p l e t  nuc lea t ing  character-  

i s t i c s .  A number of a v a i l a b l e  commercial instruments and l abora to ry  

techniques depend upon f i l t e r  , impact o r  e l e c t r o s t a t i c  c o l l e c t i o n  of 

samples which a r e  l a t e r  examined by o p t i c a l  o r  e l e c t r o n  microscopy, 

by l i q u i d  suspension counters  o r  weighed with s e n s i t i v e  microbalances;  

o t h e r s  u t i l i z e  var ious o p t i c a l  s c a t t e r i n g  techniques.  

The bibliography t h a t  was compiled f a l l s  f a r  s h o r t  of being a l l  

i n c l u s i v e .  Rather an at tempt  was made t o  include s i g n i f i c a n t  papers 

i n  the h i s t o r i c  development of a e r o s o l  r e sea rch ,  general  background 

d i scuss ions ,  reviews and r ep resen ta t ive  r e p o r t s  on the c u r r e n t  s t a t e  

of the a r t  of var ious methods of  d e t e c t i o n .  Emphasis was placed on 

those techniques which may be app l i cab le  t o  rawinsonde type measure- 

ments. 

A .  STATE OF THE ART 

N o  instruments which adequately meet the requirements of t h i s  

The developnental  o r  proto- program seem t o  be c u r r e n t l y  a v a i l a b l e .  

type devices which show some p o t e n t i a l  can be categorized according 

t o  the measurement p r i n c i p l e  involved. 

1. Opt i ca l  Sca t t e r ing  

Two general  techniques have been used. The da rk - f i e ld  micro- 

scope (and i t s  o p t i c a l  inverse)  monitor t he  l i g h t  s c a t t e r e d  from 

ind iv idua l  p a r t i c l e s  a s  they d r i f t  through a very small sampling 

volume. Frun M i e  s c a t t e r i n g  theory p lus  c a l i b r a t i o n s  with known, 

uniform ae roso l  suspension, the p a r t i c l e  s i z e  d i s t r i b u t i o n  can be 

i n f e r r e d  from the l i g h t  pulse  d i s t r i b u t i o n .  Such an instrument  

developed by S i n c l a i r  w i l l  count p a r t i c l e s  i n  the  diameter range 

0.3-17 p n  although v a r i a t i o n s  i n  r e f r a c t i v e  index i n  unknown a e r o s o l s  
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can cause u n c e r t a i n t i e s  of a t  l e a s t  a f a c t o r  of 2. &sen has  made 

bal loon f l i g h t s  with a s impl i f ied  vers ion  of t h i s  concept with two 

channels count ing p a r t i c l e s  i n  the  range 0.2-0.7 and X . 7  pan. 

Two photomul t ip l ie r  de t ec to r s  i n  coincidence were used t o  a t t a i n  

low background count ing r a t e s .  Sampling problems r e s t r i c t e d  the  

upper s i z e  l i m i t  t o  about 1.0 pan and the measurable concent ra t ions  
3 t o  0.05200/cm . 

I .  
The i n t e g r a t i n g  nephelometer descr ibed by Ahlquis t  and 

Charlson and the  laser s c a t t e r e r  of Proc to r  examined a l a r g e r  

o p t i c a l  volume and monitored the  t o t a l  l i g h t  s ca t t e r ed .  %e de- 

r ived  s c a t t e r i n g  c o e f f i c i e n t  can be r e l a t e d  t o  v i s i b i l i t y  o r  

meteorological  range. One adapta t ion  of t he  nephelometer with a 

one second time cons tan t  has  been flown i n  a i r c r a f t  t o  1500 m t o  

ob ta in  low a l t i t u d e  v e r t i c a l  p r o f i l e s .  

All of these  instruments used pumps o r  blowers and duc t ing  

t o  d e l i v e r  sampled a i r  t o  the o p t i c a l  region. This was required 

pr imar i ly  t o  s h i e l d  the  de t ec to r s  from ambient l i g h t  bu t ,  f o r  

bal loon f l i g h t s ,  would a l s o  improve the  sampling s t a t i s t i c s  i n  low 

concent ra t ion  regions.  %e atmosphere sampled w a s  thus  a very 

r e s t r i c t e d  volume nea r  the instrument which has  caused some ques t ions  

t o  be r a i s e d  concerning contamination from the package and bal loon.  

Rosen f lew the da rk - f i e ld  microscopes suspended 9Om f e e t  below the  

bal loon and took da ta  both during a scen t  and dur ing  descent  by para- 

chute  fol lowing bal loon re lease .  He ind ica t ed  t h a t  no evidence of 

bal loon contamination was observed. 

'Ihese o p t i c a l  u n i t s  have been more h igh ly  developed i n  in s t ru -  

ment design and t h e o r e t i c a l  understanding of the  bas ic  p r i n c i p l e s  

involved than any of t he  o ther  techniques to be discussed.  With saue 

r e s t r i c t i o n s  on accuracy and de tec t ab le  s i z e ,  they could probably a l l  

be adapted t o  a rawinsonde s i z e  package. I f  t he  sampling of a l a r g e r  

volume was d e s i r a b l e ,  a low-powered vers ion  of the o p t i c a l  radar  u t i l -  

i z i n g  a l a s e r  pointed ho r i zon ta l ly  could probably i n t e g r a t e  back- 

s c a t t e r e d  r a d i a t i o n  from a s i g n i f i c a n t  d i s t ance  from the package. 
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2. E l e c t r o s t a t i c  

Guyton used t r i b o e l e c t r i c i t y  ( f r i c t i o n  e l e c t r i c i t y )  i n  the 

cons t ruc t ion  of a simple a e r o s o l  counter.  A g l a s s  duc t  was ter- 

minated i n  a 45' cone sec t ion  which had a small opening a t  the 

ver tex.  

the a e r o s o l  impinged on a f i n e  d e t e c t o r  wire placed a c r o s s  the 

opening. The charge deposi ted on the wire t r i gge red  a counter  

through a high gain a m p i i f i e r .  Tne e l e c t r o s t a t i c  charges appeared 

t o  come from f r i c t i o n a l  encounters a s  the a e r o s o l s  passed through 

the duct  and o r i f i ce , and  i n  some cases  the magnitude of the charge 

could be r e l a t e d  t o  the su r face  a r e a  of the p a r t i c l e s .  

particula'te m a t e r i a l s  t he re  was l i t t l e  c o r r e l a t i o n  and l i t t l e  under- 

s tanding of how the charge o r i g i n a t e d .  Three wrn was the lower l i m i t  of  

d e t e c t a b i l i t y  of the o r i g i n a l  research, bu t  with modern e l e c t r o n i c  

developments, this could probably be lowered t o  1 p. While the 

bas i c  design i s  simple and could be made q u i t e  compact, the uncer- 

t a i n t i e s  about the p r i n c i p l e s  involved, and the p e c u l i a r i t i e s  of 

high ga in  charge a m p l i f i e r s  make t h i s  approach seem doubtful  with- 

out  much more study and developnent. Liu has  used corona charging 

of a e r o s o l s  followed by e l e c t r o s t a t i c  d e f l e c t i o n  t o  d e p o s i t  samples 

on g r i d s  f o r  microscopic examination. He  i s  a l s o  studying the 

charge t r a n s f e r  mechanism which may improve the t h e o r e t i c a l  under- 

s tanding of e l e c t r o s t a t i c  techniques.  

A vacuum pump drew the a i r  sample through the d u c t ,  and 

For o the r  

3. Acous6ic 

Research i n  t h i s  a r e a  was begun only r e c e n t l y , b u t  i t  was in- 

cluded because i t  o f f e r s  t he  p o t e n t i a l  of a small, l i g h t  device.  

Langer used a g l a s s  duct  which g radua l ly  tapered down t o  a long, t h i n  

c a p i l l a r y  sect ion with an ab rup t  t r a n s i t i o n  t o  a Larger e x i t  s ec t ion .  

A s e n s i t i v e  microphone a t  the e x i t  detected a c o u s t i c  pu l se s  a s  

p a r t i c l e s  l e f t  the c a p i l l a r y  sec t ion .  

was very l i t t l e  s i z e  discr iminat ion,and p a r t i c l e s  smaller  than 

10 cbo were not  detected even a t  high flow r a t e s .  Research i s  

cont inuing a t  NCAR. 

I n  t h e  i n i t i a l  s t u d i e s  the re  
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4. Mass 

The u s e  of s e n s i t i v e  microbalances t o  weigh p a r t i c l e s  trapped 

i n  graduated f i l t e r s  has  been used ex tens ive ly  i n  l abora to ry  s t u d i e s  

of ae roso l s  and t h e i r  s i z e  d i s t r i b u t i o n .  One form of microbalance 

may be app l i cab le  t o  rawinsonde app l i ca t ions .  As was discussed i n  

the  sec t ion  on humidity sensors ,  the  resonant  frequency of an o s c i l -  

l a t i n g  quar tz  c r y s t a l  can be s h i f t e d  l i n e a r l y  by the  mass deposi ted 

on the  a c t i v e  a r e a  of the  c r y s t a l  face.  I f  a s u i t a b l e  a c t i v e  adhe- 

s i n e  could be appl ied  to  the c r y s t a l  face  so t h a t  a l l  impinging 

p a r t i c l e s  would be t rapped,  then the s h i f t i n g  o s c i l l a t o r  frequency 

would represent  the  mass accumulating during bal loon a scen t .  

wel l  regulated l abora to ry  environments a depos i t  of 10-l2g has  been 

de tec t ed ;  lo-' - 10-log i s  probably a r e a l i s t i c  value f o r  a p r a c t i c a l  

f i e l d  instrument.  

mately 5(10-10)g. 

t h i s  program; development e f f o r t  would be required i n  the  a r e a s  of 

. c r y s t a l  mounting, adsorbant  coa t ing  and min ia tu r i zed ,  s t a b l e  e lec-  

t r o n i c  readout. I n  pr inc ip le ,  the  c r y s t a l  could be operated i n  the  

open t o  d i r e c t l y  sample the  atmosphere; however, pumped flow might 

be necessary  f o r  adequate s e n s i t i v i t y  i n  regions of low ae roso l  

concent ra t ion .  

I n  

A water d r o p l e t  1 p i n  diameter weights approxi- 

This technique holds  the  g r e a t e s t  promise f o r  

Hot-wire anemometers have been used t o  d e t e c t  v o l a t i l e  

ae roso l s .  The cool ing  of  the wire a s  the  d rop le t  vaporized produced 
--I an n ~ r t p ~ ~ t  "US pulse rjhcsz ~~~~ is - - - - - -*J---  ~ U ~ U ~ L I V M ~  to  tho m a s s  and hea t  

capac i ty  of the  ae roso l .  

heated t o  130C detec ted  water d r o p l e t s  i n  the  1 ~JII range. Flow 

v e l o c i t y  and w i r e  temperature changes were found t o  cause s igni-  

f i c a n t  v a r i a t i o n s  i n  s e n s i t i v i t y  however. 

Burgess and Re i s t  us ing  a 5 p n ~  wire 

5. Impact 

This a r e a  i s  specula t ive ;  our  l i t e r a t u r e  search turned up 

no d i r e c t  aerosol app l i ca t ions .  As with the  acous t i c  d e t e c t o r ,  i t  

was included because of the  p o t e n t i a l  f o r  t h i s  problem. 

e l e c t r i c  c r y s t a l  g ives  an e l e c t r i c a l  ou tput  i n  response t o  any 

A piezo- 
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energy input t h a t  produces a c r y s t a l l i n e  l a t t i c e  d i s t o r t i o n .  NASA 

has sponsored many p r o j e c t s  i n  micrometeorite d e t e c t i o n ;  some of 

these have inves t iga t ed  p i e z o e l e c t r i c s .  A d e t e c t o r  s tudied a t  

Toronto University could d e t e c t  an impulse of dyne-sec. A 

1 pm water d rop le t  with a v e l o c i t y  of 1 m/sec would have a momentum 

of 5(10 )g-cm/sec which would give an i n e l a s t i c  impulse of 5(10 ) 

dyne-sec. This energy gap may be too l a rge  t o  br idge;  however, NASA- 

- 8  - 8  

A m n c  r . i c l ~  rn-nrtnr l  t n  herm r l n T v n l - - A A  - t rn-od. . - r \ r  m..~l.. tnn ~ o n c i t i ~ m  Nub" W P Y  *CpuLLbU L" L I U V C  u b v b . I u y z u  0 L L C a U U U U b C L  L L I U b , .  LUU " C . L . " * L I " L  

f o r  the micrometeorite a p p l i c a t i o n .  

B. PROJECTIONS 

The c o s t  and complexity of a balloon-borne a e r o s o l  d e t e c t o r  

would appear t o  vary a t  l e a s t  l i n e a r l y ,  bu t  probably t o  some higher  

power, w i t h  the degree of p a r t i c l e  c h a r a c t e r i z a t i o n  des i r ed .  The 

s implest  and l e a s t  expensive u n i t  would respond t o  t o t a l  o r  t i m e -  

i n t e g r a t e d  mass c o l l e c t e d .  A more e l abora t e  u n i t  could give i n  

a d d i t i o n  a p a r t i c l e  count. S t i l l  more complex o p t i c a l  s c a t t e r i n g  

devices  could add an ind ica t ion  of p a r t i c l e  s i z e  although more study 

i s  needed on the e f f e c t s  of p a r t i c l e  shape and r e f r a c t i v e  index. 

Chemical composition and s t r u c t u r e  information would r equ i r e  elab- 

o r a t e  techniques such a s  gas chromatography, mass spectrometry and 

. neutron a c t i v a t i o n  a n a l y s i s  o r  t h e i r  combination. 

For simple counting and mass determinat ions,  the p i e z o e l e c t r i c s  

should receive f u r t h e r  study. For more d e t a i l e d  ana lyses ,  some form 

of o p t i c a l  s c a t t e r i n g  i n s t r m e n t  i s  probably a workable compromise; 

the e l e c t r o n i c s  can be r e l a t i v e l y  simple, the c o s t  moderate and in- 

formation about p a r t i c l e  concentrat ions and s i z e s  may be obtained.  

Numerous new sensor conf igu ra t ions  of t h i s  type w i l l  become f e a s i b l e  

i n  the immediate f u t u r e  because of the c u r r e n t  r ap id  advances being 

made i n  the development of e l e c t r o - o p t i c a l  devices:  small ,  high 

e f f i c i e n c y  s o l i d - s t a t e  l i g h t  emitters and room- temperature,  so l id -  

s ta te  la  se r  s ; high- t ransmission,  narrow- band i n t e r f e r e n c e  f i 1 ter s ; 

s e n s i t i v e  room- temperature d e t e c t o r s ,  both photoemissive and 
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s o l i d - s t a t e .  Most of the current developments are i n  the red and 

infrared regions of the spectrum,while blue o r  u l t r a v i o l e t  would 

be more desirable for  the detect ion of small par t i c l e s .  However, 

research i s  being done on frequency converters and other devices  

for  the shorter wavelength regions.  
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